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(54) Tunable spectrometer with acousto-optical tunable filter 



(57) A tunable spectrometer includes an acous- 
to-optical tunable filter (12) disposed for filtering light 
from a discrete light source (10), wherein the light emerg- 
es from the filter in a simultaneous plurality of distinct 
beams (40a, 41a) having different orders of diffraction, 
with different diffraction orders having different wave- 
length ranges and with complementary pairs (40a, 40b; 
41 a, 41 b) of said distinct beams having the same diffrac- 
tion order respectively having substantially the same 
wavelength ranges. The filter (1 2) is tuned to diffract light 
in a simultaneous plurality of distinct beams (40a, 41a) 
having different predetermined diffraction orders that 
have different wavelength ranges that include wave- 
lengths that are characteristic of a spectrum for a given 
substance, and a set of a given plural number of detec- 
tors (26, 27) respectively detect the filtered light diffract- 
ed by the filter to thereby simultaneously provide test sig- 
nals indicative of a spectrum within a spatial region of 
interest at wavelengths that are characteristic of the 
spectrum for the given substances. Another spectrome- 
ter that detects light at a wavelength that is characteristic 
of a Raman scattering spectrum for a given substance 
includes a test cell (88) disposed within the spatial region 
of interest (89) and including a plurality of mirrors (108) 
disposed within the cell for reflecting the light to pass a 
plurality of round trips between the mirrors before emerg- 
ing from the spatial region of interest to thereby enhance 
Raman scattering of the light by any molecules of the 
given substance within the cell while the light passes 
through the spatial region of interest. 
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Description 

BACKGROUND OF THE INVENTION 

The present invention generally pertains to tunable s 
spectrometers and is particularly directed to improve- 
ments in such spectrometers as include an acousto-op- 
tical tunable filter (AOTF) and or utilize a Raman forward 
scattering measurement technique. 

Spectrometers are useful for detecting the concen- to 
tration of given substances in a region of interest, and 
are commonly used in systems for a myriad of such ap- 
plications, including monitoring the levels of pollutants in 
automobile and industrial plant emissions and detecting 
the presence of toxic gases in a region of interest. is 

The use of an acousto-optical tunable filter in a tun- 
able spectrometer is described in an article entitled Tib- 
er-Coupled Acousto-Optical-Filter Spectrometer", 
NASA Tech Briefs, May 1993, pp.42-43. The spectrom- 
eter described therein includes a discrete broadband vis- 20 
ible or infrared light source; a first optical system dis- 
posed in relation to the light source for collimating light 
from the light source, for directing the collimated light 
through an acousto-optical tunable filter and for focusing 
the filtered directed light to the input of a first optical fiber; 25 
a second optical system for collimating light from the out- 
put of the first optical fiber, for directing the collimated 
light through a region of interest enclosed within a test 
cell and for focusing the directed light to the input of a 
second optical fiber on the opposite side of the region of 30 
interest from the first optical fiber. The filter is tuned 
through a predetermined series of different wavelengths 
that are characteristic of a spectrum for one or more giv- 
en substances, and a detector is coupled to the output 
of the second optical fiber for detecting the filtered direct- 3S 
ed light at each of the different tuned wavelengths to 
thereby provide a signal indicative of a spectrum for the 
region of interest at wavelengths that are characteristic 
of the energy absorption spectrum for the one or more 
given substances. 40 

A spectrometer utilizing a Raman forward scattenng 
measurement technique, as described in U.S. Patent 
No. 3,850,525 to Kaye, includes a discrete light source, 
an optical system disposed in relation to the light source 
for directing light from the light source through a spatial 45 
region of interest and for focusing the directed light; a 
detector disposed in relation to the optical system for de- 
tecting the focused light at a wavelength that is charac- 
teristic of a Raman scattering spectrum for a given sub- 
stance to thereby provide a test signal indicative of a Ra- so 
man scattering spectrum within the spatial region of in- 
terest at a wavelength that is characteristic of said Ra- 
man scattering spectrum for said given substance; and 
means for processing the test signal to measure the con- 
centration of said given substance within the spatial re- ss 
gion of interest in accordance with a Raman forward 
scattering measurement technique. 




SUMMARY OF THE INVENTION 

The present invention provides a tunable spectrom- 
eter, comprising a discrete light source; an optical sys- 
tem disposed in relation to the light source for directing 
light from the light source through a spatial region of in- 
terest and for focusing the directed light; an acousto-op- 
tical tunable filter disposed for filtering light from the light 
source, wherein the light emerges from the filter in a si- 
multaneous plurality of distinct beams having different 
orders of diffraction, with different diffraction orders hav- 
ing different wavelength ranges and with complementary 
pairs of said distinct beams having the same diffraction 
order respectively having substantially the same wave- 
length ranges; means coupled to the filter for tuning the 
filter to diffract light in a simultaneous plurality of distinct 
beams having different predetermined diffraction orders 
that have different wavelength ranges that include wave- 
lengths that are characteristic of a spectrum for a given 
substance or of the spectra for a plurality of different giv- 
en substances; and a set of a given plural number of de- 
tectors disposed in relation to the optical system and the 
filter for respectively detecting the focused and filtered 
light diffracted by the filter in a set of said given number 
of said distinct beams of said different predetermined dif- 
fraction orders to thereby simultaneously provide said 
given number of test signals indicative of a spectrum 
within the spatial region of interest at wavelengths that 
are characteristic of said spectrum for said given sub- 
stance or of the spectra for the plurality of different said 
given substances. By providing a plurality of test signals 
simultaneously derived from filtered light in different pre- 
determined wavelength ranges, the spectrometer of the 
present invention provides reliable extended waveband 
measurements that are not affected by any instability in 
the light source. 

In another aspect, the present invention provides a 
tunable spectrometer, comprising a discrete light source; 
an optical system disposed in relation to the light source 
for directing light from the light source through a spatial 
region of interest and for focusing the directed light; an 
acousto-optical tunable filter disposed for filtering light 
from the light source, wherein the light emerges from the 
filter in a simultaneous complementary pair of distinct 
beams having the same order of diffraction and substan- 
tially the same wavelength range, means coupled to the 
filter for tuning the filter to diffract light in a simultaneous 
complementary pair of said distinct beams having a pre- 
determined diffraction order that has a wavelength range 
that includes a wavelength that is characteristic of a 
spectrum for a given substance; a first detector disposed 
in relation to the optical system and the filter for detecting 
the focused and filtered light diffracted by the filter in one 
said beam of said predetermined diffraction order to 
thereby provide a test signal indicative of a spectrum 
within the spatial region of interest at a wavelengths that 
is characteristic of said spectrum for said given sub- 
stance; and a second detector disposed in relation to the 
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optical system and the filter for detecting the filtered light 
diffracted by the filter in the complementary other said 
beam of said predetermined diffraction order to thereby 
provide simultaneously with the test signal a reference 
signal indicative primarily of a spectrum of the light 
source at a wavelength that is characteristic of said spec- 
trum for said given substance. By providing simultane- 
ous reference and test signals respectively derived from 
simultaneous complementary diffracted beams of fil- 
tered light, the spectrometer of this aspect of the present 
invention provides reliable measurements that are not 
affected by any instability in the light source. 

In a further aspect, the present invention provides a 
spectrometer, comprising a discrete light source; an op- 
tica! system disposed in relation to the light source for 
directing light from the light source through a spatial re- 
gion of interest and for focusing the directed light; a de- 
tector disposed in relation to the optical system for de- 
tecting the focused light at a wavelength that is charac- 
teristic of a Raman scattering spectrum for a given sub- 
stance to thereby provide a test signal indicative of a Ra- 
man scattering spectrum within the spatial region of in- 
terest at a wavelength that is characteristic of said Ra- 
man scattering spectrum for said given substance; 
means for processing the test signal to measure the con- 
centration of said given substance within the spatial re- 
gion of interest in accordance with a Raman forward 
scattering measurement technique and a test cell dis- 
posed within the spatial region of interest and comprising 
a plurality of mirrors disposed within the cell for reflecting 
the light to pass a plurality of round trips between the 
mirrors before emerging from the spatial region of inter- 
est to thereby, enhance Raman scattering of the light by 
any molecules of said given substance within the cell 
while the light passes through the spatial region of inter- 
est. Although Nitrogen in the atmosphere has been de- 
tected by a Raman scattering spectrum measurement 
technique described in a publication by Leonard, D. A. 
"Observation of Raman Scattering from the Atmosphere 
Using a Pulsed Nitrogen Ultraviolet Laser", Nature, Vol. 
216, PP 142-143 (1967), such measurements were 
made by measuring back scattered light, whereby the 
spectrometer of this aspect of the present invention uses 
a forward Raman scattering measurement technique to 
better facilitate the overall design of the spectrometer. 
Preferably the measurement technique used the Raman 
scattering spectrometer of the present invention is a vi- 
brational- rotational forward Raman scattering measure- 
ment technique to thereby minimize the possibility of 
overlapping transitions between different gases. 

In a still further aspect, the present invention pro- 
vides a spectrometer in which the concentration of a giv- 
en substance in a spatial region of interest is measured 
simultaneously by both an energy absorption spectrum 
measurement technique and a Raman forward scatter- 
ing spectrum measurement technique. This spectrome- 
ter combines the components of the Raman forward 
scattering spectrometer described above with a second 



discrete light source; a second optical system disposed 
in relation to the second light source and the spatial re- 
gion of interest for directing light from the second light 
source through the spatial region of interest and for fo- 
s cusing the directed light from the second light source; an 
acousto-optical tunable filter disposed for filtering light 
from the second light source; means coupled to the filter 
for tuning the filter to provide the filtered light at a tuned 
wavelength that is characteristic of an energy absorption 

10 spectrum for said given substance; a second detector 
disposed in relation to the optical system for detecting 
the focused and filtered light from the second light source 
at said tuned wavelength to thereby provide a second 
test signal indicative of an energy absorption spectrum 

15 for said spatial region of interest at a wavelength that is 
characteristic of said energy absorption spectrum for 
said given substance; and means for processing the sec- 
ond test signal to measure the concentration of said giv- 
en substance within the spatial region of interest in ac- 

20 cordance with an energy absorption spectrum measure- 
ment technique. By providing simultaneous measure- 
ments by both a Raman forward scattering spectrum 
measurement technique and an energy absorption spec- 
trum measurement technique, the spectrometer of this 

25 aspect of the present invention provides more compre- 
hensive measurements that are not affected by any in- 
stability in the light source. 

Additional features of the present invention are de-. 
scribed in relation to the detailed description of the pre- 

30 f erred embodiments. 

BRIEF DESCRIPTION OF THE DRAWING 

Figure 1 is a block diagram of a preferred embodi- r 
35 ment of the tunable spectrometer according to one as- ■:■:*» 
pect of the present invention. Aifrv. 

Figures 2A and 2B are plots of spectra detected in 
: wavelength ranges within two different diffraction orders .. 
of light diffracted by a single AOTF in the spectrometer v> 
40 of Figure 1 . 

. Figure 3 is a block diagram of an alternative pre- 
ferred embodiment of the tunable spectrometer accord- 
ing to the same aspect of the present invention as Figure 
1. 

45 Figure 4 is a block diagram of a preferred embodi- 
ment of the tunable spectrometer according to another 
aspect of the present invention. 

Figure 5 shows part of a theoretical distribution of a 
vibrational-rotational Raman scattering probability 
so cross-section for Nitrogen at 300 degrees Kelvin. 

Figure 6 is a block diagram of portions of a preferred 
embodiment of the tunable spectrometer according to a 
further aspect of the present invention. 

55 DETAILED DESCRIPTION 

Referring to Figure 1 , one preferred embodiment of 
a tunable spectrometer according to the present inven- 
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tion includes a discrete light source 10, a reflector 11, a 
temperature-controlled narrowband acousto-optical tun- 
able filter (AOTF) 12, an optical system including a first 
collimating lens 13, a first collection lens 14, a second 
collimating lens 1 5, a plate 1 6 defining a spatial aperture, 
a first mirror 17, a second mirror 18, a second collection 
lens 1 9, a third collection lens 20, a fourth collection lens 
21 and a fifth collection lens 22, a test cell 24, a first de- 
tector 26, a second detector 27, a third detector 28, a 
fourth detector 29, a first amplifier 31 , a second amplifier 
32, a third amplifier 33, a fourth amplifier 34, a mul- 
ti-channel analog to digital converter 36, a microcomput- 
er 37, an AOTF tuner 38, and a regulated power supply 
39. The first mirror 17, the second collection lens 1 9, the 
first detector 26 and the first amplifier 31 define a first 
test channel; and the second mirror 18, the third collec- 
tion lens 20, the second detector 27 and the second am- 
plifier 32 define a second test channel. The fourth col- 
lection lens 21 , the third detector 28 and the third ampli- 
fier 33 define a first reference channel and the fifth col- 
lection lens 22, the fourth detector 29 and the fourth am- 
plifier 34 define a second reference channel. 

The discrete light source 10 preferably is a device 
that provides a broadband of visible and/or infrared light, 
such as a Nernst glower or a quartz-tungsten-halogen 
lamp. The AOTF preferably includes a Te0 2 crystal. The 
test cell 24 is disposed in the spatial region of interest 
25, such as within a pipe of a chemical processing sys- 
tem or a natural gas pipe line to measure the concentra- 
tion of a given substance in the pipe, adjacent to a road- 
way to measure the concentration of automobile exhaust 
pollutants, in an industrial plant smoke stack to measure 
the concentration of given substances in the smoke or 
adjacent to living tissue to measure the concentration of • 
a given substance emanating from such tissue, for ex- 
ample. The test cell 24 has windows for enabling light to 
pass through the cell 24 and may be open to the surr „ 
rounding environment. The detectors 26, 27, 28, 29 pref- 
erably include semiconductor crystals selected from a 
group including HgCdTe, InAs, InSb, HgCdZn and PbS. 

The optical system is disposed in relation to the light 
source 10 and the AOTF 12 such that the light from the 
light source 10 is directed by the first collimating lens 13, 
the first collection lens 14, and the second collimating 
lens 1 5 through the spatial aperture defined by the plate 
1 6 to the AOTF 1 2. The reflector 1 1 reflects light received 
from the light source 10 toward the first collimating lens 
13. The AOTF 12 is disposed between the light source 
10 and the spatial region of interest 25 occupied by the 
test cell 24. 

The AOTF 12 filters light from the light source 10 
and the light emerges from the AOTF 12 in a simultane- 
ous plurality of distinct beams 40a, 40b, 41a, 41b having 
different orders of diffraction, with different diffraction or- 
ders having different wavelength ranges. Complementa- 
ry pairs 40a, 40b and 41 a, 41 b of the distinct beams hav- 
ing the same diffraction order respectively have substan- 
tially the same wavelength ranges. In one preferred em- 



bodiment wherein the AOTF 12 includes a Te0 2 crystal, 
a first pair of complementary beams 40a, 40b having a 
first diffraction order emerge from the AOTF 1 2 at an an- 
gle of approximately 7.5 degrees and have a wavelength 
5 range of approximately 3 microns to 5 microns; and a 
second pair of complementary beams 41a, 41b having 
a second diffraction order emerge from the AOTF 12 at 
an angle of approximately 4.5 degrees and have a wave- 
length range of approximately 1.5 microns to 2.5 mi- 

10 crons. A beam stop 42 is disposed for absorbing undif- 
fracted light emerging from the AOTF 12. 

The beam 40a emerging at the first diffraction order 
is directed by the first mirror 17 through one set of en- 
trance and exit windows (not shown) in the test cell 24 

15 and focussed by the second collection lens 1 9 to the first 
detector 26; and the beam 41a emerging at the second 
diffraction order is directed by the second mirror 18 
through a second set of entrance and exit windows in the 
test cell 24 and focussed by the third collection lens 20 

20 to the second detector 27 In an alternative embodiment, 
the test cell 24 is eliminated and the beams 40a and 41a 
are directed through the spatial region of interest 25 to 
the respective second and third collection lenses 19 and 
20. In another alternative preferred embodiment, the 

25 beams 40a and 41a are directed to the spatial region of 
interest, which may or may not include the test cell 24, 
■ ■ by a combination of lenses and optical fibers (not shown) 
instead of by the mirrors 1 7 land 1 8. The path lengths of c :) 
the light in the different diffraction orders that are directed 

30 through the spatial region do not have to be the same: 
When the light entering the AOTF 12 is not polar- 
ized, the two cbmplementary.beams emerging from the: 

• 1 if AOTF 12 in each diffraction order are of approximately ; 
hequal brightness, such that one beam of each comple-j> 

35 mentary pair of beams can be used as a reference beam : . 

and: the other beam of each complementary pair of 
. : . beams can be used as a test beam. Accordingly, the v 
complementary beam 40b emerging at the first diffrac* > 
■lion order is directed outside the spatial region of interest 

40 to the fourth collection lens 21 , which focuses such com- 
plementary beam 40b to the third detector 28; and the 
beam 41 b emerging at the second diffraction order is di- 
rected outside the spatial region of interest to the fifth 
collection lens 22, which focuses such complementary 

45 beam 41 b to the fourth detector 29. 

The first and second detectors 26, 27 respond to the 
light that they detect by simultaneously providing test sig- 
nals that are indicative of a spectrum within the spatial 
region of interest at wavelengths that are characteristic 

50 of the spectrum for the given substance or of the spectra 
for two different given substances. The third and fourth 
detectors 28, 29 respond to the light that they detect by 
providing simultaneously with the test signals continuous 
real-time reference signals that are indicative primarily 

55 of a spectrum of the light source at wavelengths that are 
characteristic of the spectrum for the given substance or 
of the spectra for two different given substances. 

The signals provided by first, second third and fourth 
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detectors 26, 27, 28, 29 are respectively amplified by the 
first, second third and fourth amplifiers 31 , 32, 33, 34, 
converted to digital signals by the multi-channel ana- 
log-to-digital (A/D) converter 36 and then provided as 
digital signals to the microcomputer 37. The microcom- 
puter 37 processes such digital signals to measure the 
concentration of the given substance (s) within the spatial 
region of interest 25. 

The microcomputer 37 determines the ratio of the 
test signal for a given test channel to the reference signal 
for the corresponding reference channel as a basis for 
deriving the spectrum within the spatial region of interest 
25. Such ratio is adjusted by the microcomputer 37 for 
experimentally determined tosses in each channel. In 
addition, the microcomputer 37 controls the collection 
and analysis of the spectral data, including the switching 
of the AOTF 1 2 on and off to provide modulated diffract- 
ed light beams of light from the AOTF 12 so that modu- 
lated test and reference signals are provides by the first, 
second third and fourth detectors 26, 27, 28, 29 respec- 
tively in response to detection of the modulated diffracted 
light beams. Such modulation makes it easier to detect 
the test and reference signals. 

The microcomputer 37 further controls the AOTF 
tuner 38 to tune the AOTF 1 2 to diffract the light entering 
the AOTF 12 in a simultaneous plurality of a given 
number of distinct beams having different predetermined 
diffraction orders that have different wavelength ranges 
that include wavelengths that are characteristic of a 
spectrum: for a given substance or of the spectra for a 
plurality of different given substances. To detect and 
measure concentrations of a large number of different 
given substances, the tuner 38 rapidly tunes the AOTF 
12 to provide a plurality of distinct diffracted light beams 
having a set of . predetermined wavelengths that are char- 
acteristic of the spectra for the different given substanc- 
es:" .• v ■■ 

- -In one preferred embodiment, the characteristic 
wavelengths of the different diffracted distinct beams to 
which the AOTF 12 is tuned are wavelengths that are 
characteristic of an energy absorption spectrum for a giv- 
en substance or of the energy absorption spectra for a 
plurality of given substances. In this preferred embodi- 
ment, the first detector 26 and the third detector 28 detect 
the filtered light focussed from the beams 40a and 40b 
respectively at a wavelength that is characteristic of the 
energy absorption of one given substance; the second 
detector 27 and the fourth detector 29 detect the filtered 
light focussed from the beams 41 a and 41 b respectively 
at a wavelength that is characteristic of the energy ab- 
sorption spectrum of the one given substance or of a dif- 
ferent given substance; and the microcomputer 37 proc- 
esses the digital signals derived from the first, second 
third and fourth detectors 26, 27, 28, 29 in accordance 
with an energy absorption spectrum measurement tech- 
nique to measure the concentration of the given sub- 
stance or given substances within the spatial region of 
interest. A light source 10 that provides unpolarized light 
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for diffraction by the AOTF 12 is used for this preferred 
embodiment. 

The light source 10 is energized by the regulated 
power supply 39, which is regulated by the microcom- 
puter 37 in accordance with the amplitude of the refer- 
ence signals derived from the third and fourth detectors 
27 and 29 to maintain the brightness of the light from the 
light source 10 at a predetermined level. The provision 
of a simultaneous real-time reference signal by the third 
and fourth detectors 27 and 29 enables the microcom- 
puter 37 to immediately correct for changes in light 
source brightness and to correct for color changes over 
the lifetime of the spectrometer 

Figures 2A and 2B are plots of energy absorption 
spectra detected in wavelength ranges within two differ- 
ent diffraction orders of light simultaneously diffracted by 
a single AOTF in the spectrometer of Figure 1. The 
measurements were made at room temperature and 
pressure with the light source 10 being about two meters 
from each of the first and second detectors 26, 27. The 
large feature centered about 1.87 microns in the spec- 
trum of Figure 2A is due to energy absorption by water 
vapor and the low amplitude features are not statistically 
significant. The spectral resolution of this spectrum is 
about 4 nm at the water vapor feature. The large feature 
centered about 4.25 microns in the spectrum of Figure 
2B is due to energy absorption by carbon dioxide. The * 
smaller features to the right, of ,4.6 microns are due to* 
noise. The spectral resolution of this spectrum is about- : 
43 nm at the carbon dioxide feature. ■ w, ■-: 

Referring to Figure 3, another preferred embodi- 
ment of a tunable spectrometer according to the present 
invention includes a discrete light source 45, a reflector 
46, an optical system-including a first collimating lens 47; ■>><■ 
a collection lens 48 and a second collimating lens 49*: a.: 
second collection lens 50, : a third collection lens 51 , •■■a*i 
test cell 53 disposed in a region of interest 54, a temper- 
atureKx>ntrolled : narrowband acousto-opttcal tunable* - 
ter (AOTF) 55, a first detector 57, a second detector 58;;. 
a first amplifier 60, a second amplifier 62, a multi-channel 
analog to digital converter 62, a microcomputer 64, an 
AOTF tuner 65, a reference channel system including a 
narrowband filter 67, a fourth collection lens 68, a third 
detector 69 and an third amplifier 70, and a regulated 
power supply 72. The second collection lens 50, the first 
detector 57 and the first amplifier 60 define a first test 
channel; and the third collection lens 51 , the second de- 
tector 58 and the second amplifier 61 define a second 
test channel. 

The discrete light source 45, the test cell 53, the 
AOTF 55 and the detectors 57, 58 have the same char- 
acteristics as the corresponding elements in the pre- 
ferred embodiment described above with reference to 
Figure 1. 

The optical system is disposed in relation to the light 
source 45 such that the light from the light source 45 is 
directed by the first collimating lens 47 through the test 
cell 53, the first collection lens 48, and the second colli- 
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mating lens 49 to the AOTF 55. The reflector 46 reflects 
light received from the light source 45 toward the collec- 
tion lens 47. The spatial region ot interest 54, which is 
occupied by the test cell 53, is disposed between the light 
source 45 and the AOTF 55. 

The AOTF 55 filters light from the light source 45 
and the light emerges from the AOTF 55 in a simultane- 
ous plurality of distinct beams 75, 76 having different or- 
ders of diffraction, with different diffraction orders having 
different wavelength ranges. 

The beam 75 emerging at the first diffraction order 
is focused to the first detector 57 by the second collection 
lens 50; and the beam 76 emerging at the second dif- 
fraction order is focused to the second detector 58 by the 
third collection lens 51 . In an alternative embodiment, the 
test cell 53 is eliminated and the light from the light 
source 45 is directed through the spatial region of inter- 
est to the AOTF 55. 

The first and second detectors 57, 58 respond to the 
light that they detect by simultaneously providing test sig- 
nals that are indicative of a spectrum within the spatial 
region of interest at wavelengths that are characteristic 
of the spectrum for the given substance or of the spectra 
for two different given substances. 

Light from the light source 45 that is reflected by the 
lower front surface of the first collimating lens 47 is fil- 
tered by the- narrowband filter 67 and directed outside 
the spatial region of interest 54 to the third detector 69 
by thefourth collection lens 68. The third detector 69 re- 
sponds to the light that it detects by providing simultane- 
ously with the test signals a continuous real-time refer- 
ence signal- 

The signals provided by the first, second and third 
detectors 5 57, .58; 69 are respectively amplified by the 
first, second and third amplifiers 60, 61 , 70, converted to 
digital signals by :the . multi-channel analog-to-digital 
(A/D) converter 62 and then provided as digital signals 
to the microcomputer 64. The microcomputer 64 proc- 
esses such digital signals to measure the concentration 
of the given substance within the spatial region of inter- 
est. 

The microcomputer 64 determines the ratio of the 
test signal for a given channel to the reference signal as 
a basis for deriving the spectrum within the spatial region 
of interest 54. Such ratio is adjusted by the microcom- 
puter 64 for experimentally determined losses in each 
channel. In addition, the microcomputer 64 controls the 
collection and analysis of the spectral data, including the 
switching of the AOTF on and off to provide modulated 
diffracted beams of light from the AOTF 55 

The microcomputer 64 further controls the AOTF 
tuner 65 to tune the AOTF 55 to simultaneously diffract 
the light entering the AOTF 55 in a simultaneous plurality 
of a given number of distinct beams having different dif- 
fraction orders that have predetermined wavelength 
ranges that include wavelengths that are characteristic 
of a spectrum for a given substance or of the spectra for 
a plurality of different given substances. To detect and 



measure concentrations of a large number of different 
given substances, the tuner 55 rapidly tunes the AOTF 
55 to provide a plurality of distinct diffracted light beams 
having a set of predetermined wavelengths that are char- 
5 acteristic of the spectra for the different given substanc- 
es. 

The spectrometer of Figure 3 can be used for meas- 
urements in accordance with an energy absorption spec- 
trum measurement technique in the same manner as de- 
io scribed above with reference to the spectrometer of Fig- 
ure 1. 

Referring to Figure 4, a preferred embodiment of a 
tunable spectrometer according to the present invention 
that uses a Raman scattering spectrum measurement 

is technique includes a discrete light source 80, an optical 
system including an imaging lens 82, an optical notch 
filter 83, a first collection lens 84 and a collimating lens 
85, a second collection lens 86, a third collection lens 87 
a test cell 88 disposed in the spatial region of interest 89, 

20 a temperature-controlled narrowband acousto-optical 
tunable filter (AOTF) 90, a first detector 92, a second de- 
tector 93, a first amplifier 95, a second amplifier 96, a 
multi-channel analog to digital convertor 97, a microcom- 
puter 98, an AOTF tuner 99 and a reference channel sys- 

25 tern including a narrowband interference filter 101, a 
fourth collection lens 1 02, a third detector 1 03 and a third 
.amplifier 104. 

<The discrete light source 80 preferably is a polarized t 
ultraviolet.or visible wavelength laser. Suitable lasers in^ 

30 , elude Nitrogen, HeCd, Nd:YAG, Argon and He Ne lasers. 
The preferred laser is a diode-pumped Nd:YAG laser that 
• has been frequency doubled or tripled. Both continuous 
: wave and pulsed lasers may be used. The narrowband : 
interference filter 101 is centered on the fundamental fre^ : 

3&. quency of the monochromatic laser. . 

Optical fibers (not shown) can be used for directing 
the light beam into and/or from the test cell 88 instead of 
the focusing lens 82 and/or the first collection lens 84. : 
The test cell 88 includes an entrance window 106 

40 an exit window 107 and a pair of mirrors 108 disposed 
within the cell 88. The mirrors 108 are curved for reflect- 
ing the light entering through the entrance window 106 
to pass a plurality of round trips between the mirrors 108 
before emerging from the spatial region of interest 

45 through the exit window 107 to thereby enhance Raman 
scattering of the light by any molecules of given sub- 
stance of interest within the cell while the light passes 
through the spatial region of interest 89. The curvature 
of the mirrors 1 08 preferably is such as to cause the light 

so to make at least ten round trips before exiting from the 
test cell 88. A suitable multi-pass test cell is a Herriott or 
White cell. Inside the test cell 88, the monochromatic la- 
ser light undergoes elastic scattering known as Rayleigh 
scattering, and Raman scattering off of molecules of the 

55 substances that are present within the test cell 88. Ra- 
man scattering has the effect of shifting the wavelength 
of light by known amounts that depend on the type of 
molecule that is responsible for the scattering. 
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Raman scattering can occur in spectral regions con- 
taining the wavelengths of relatively high-powered la- 
sers, thereby enabling the creation of a measurable 
number of Raman scattered photons over path lengths 
of about one meter using only a 10 mW laser. Accord- 
ingly, a laser is preferred as the light source in the em- 
bodiments of the present invention utilizing a Raman 
scattering measurement technique. 

Figure 5 shows part of a theoretical distribution of a 
vibrational- rotational Raman scattering probability 
cross-section for Nitrogen at 300 degrees Kelvin. Figure 
5 is taken from a publication by Inaba, H and T. Koba- 
yasi, 'Laser-Raman Radar", Opto-electronics, Vol. 4, pp. 
1010-123(1972). 

The AOTF 90 has the same characteristics as the 
AOTF 1 2 in the preferred embodiment described above 
with reference to Figure 1 . 

The light from the light source 80 is directed by the 
imaging lens 82 through the test eel! 88, the notch filter 
83, the first collection lens 84, and the collimating lens 
85 to the AOTF 90. The spatial region of interest, 89 
which is occupied by the test cell 88, is disposed between 
the light source 80 and the AOTF 90. 

The optical notch filter 83, such as a holographic 
notch filter, removes as much of the light at the funda- 
mental wavelength of the monochromatic laser as pos- 
sible. 

. The AOTF 90 filters the scattered light from the test 
cell 88 and the light emerges from the AOTF 90 in a si- 
multaneous complementary pair of distinct beams 110, 
111 of the same diffraction order and having approxi- 
mately the. same wavelength range, , 

■ •'■ One=such beam 110 is focused by the second col- 
lection lens 86 to the first detector 92; and the other such 
beam 1.11 is focused by the third collection lens 87 to the 
second detector 93. 

- .The light source 80 provides light at a predetermined 
wavelength; and the first detector 92 and the second de- 
tector 93 detect the filtered light focussed. from the 
beams 110 and 111 respectively at a wavelength that is 
characteristic of the Raman scattering spectrum of one 
such given substance. By using the two detectors 92, 93 
to detect the energy in both of the complementary dif- 
fracted beams 1 1 0, 11 1 , both* polarizations of the Raman 
scattered light are measured. 

The first and second detectors 92, 93 respond to the 
light that they detect by simultaneously providing test sig- 
nals that are indicative of a spectrum within the spatial 
region of interest at wavelengths that characteristic of the 
Raman scattering spectrum for such given substance 

Light from the light source 80 that is reflected by the 
lower front surface of the imaging lens 82 is filtered by 
the narrowband interference filter 101 and directed out- 
side the spatial region of interest 89 to the third detector 
103 by the fourth collection lens 102. The third detector 
103 responds to the light that it detects by providing si- 
multaneously with the test signals a continuous real-time 
reference signal. 



The signals provided by first, second and third de- 
tectors 92, 93, 103 are respectively amplified by the first, 
second and third amplifiers 95, 96, 1 04, converted to dig- 
ital signals by the multi-channel analog-to-digital (A/D) 

5 converter 97 and then provided as digital signals to the 
microcomputer 98. The microcomputer 98 processes 
such digital signals derived from the first, second and 
third detectors 92, 93, 103 in accordance with a Raman 
forward scattering spectrum measurement technique to 

10 measure the concentration of the given substance within 
the spatial region of interest 89. Preferably, the meas- 
urement technique is a vibrational -rotational Raman 
scattering technique rather than merely a rotational Ra- 
man scattering technique because the latter is more am- 

15 biguous. 

The microcomputer 98 determines the ratio of the 
test signal for a given channel to the reference signal as 
a basis for deriving the spectrum within the spatial region 
of interest. Such ratio is adjusted by the microcomputer 

20 98 for experimentally determined losses in each chan- 
nel. In addition, the microcomputer 98 controls the col- 
lection and analysis of the spectral data, including the 
switching of the AOTF 90 on and off to provide modulat- 
ed diffracted beams of light from the AOTF 90. 

25 The microcomputer 98 further controls the AOTF 
tuner 99 to tune the AOTF 90 to simultaneously diffract 
the light entering the AOTF. 90 in a simultaneous plurality 
of a given number of distinct beams having different dif- 
fraction orders that have predetermined wavelength 

30 ranges that include wavelengths that are characteristic 
of a Raman scattering spectrum for a given substance 
or of the spectra for a plurality of different given substanc- : 
es. To detect and measure concentrations of a large j 
number of different given substances, the tuner 99= rap* : -u 

35 idly tunes the AOTF 90 through a plurality of distinct dif- ' ■• 
fracted light beams having a set of predetermined wave^ , 
lengths that are characteristic of the Fteman scattering 
spectra for the different given substances. • 
Figure 6 shows significant portions. of another alter- : 

40 native preferred embodiment of the present invention, in 
which the concentration of a given substance in a spatial 
region of interest is measured simultaneously by both an 
energy absorption spectrum measurement technique 
and a Raman scattering spectrum measurement tech- 

15 nique. The optical system and certain other components 
of the spectrometer are not shown in Figure 6 so as to 
better emphasize the cooperation of the components 
that are shown. 

The spectrometer of Figure 6 includes a first discrete 

50 fight source 1 20, a first test cell 1 22 disposed in a spatial 
region of interest 124, a first AOTF 126, a first set of de- 
tectors 128, a first tuner 130, a second discrete light 
source 134, a second AOTF 136, a multi-pass test eel! 
1 38 also disposed in the spatial region of interest 1 24, a 

55 third AOTF 1 40, a second set of detectors 1 42, a second 
tuner 144, a third tuner 146 and a microcomputer 150. 
The first, second and third AOTFs 1 26, 1 36, 1 40 are tem- 
perature-controlled narrowband acousto-optical tunable 
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fitters. 

The first test cell 122 is disposed in the region of in- 
terest 124 for receiving light from the first light source 
1 20. The first AOTF 1 26 is disposed in relation to the test 
cell 122 for filtering light directed from the first light 
source 120 that is directed through the first test cell 122. 
The first set of detectors 128 are disposed in relation to 
the first AOTF 126 for detecting different distinct beams 
of diffracted light emerging from the first AOTF 126. The 
first tuner 130 is coupled to the first AOTF 126 for tuning 
the first AOTF 126. The first tuner 130 is controlled by 
the microcomputer 150. The first light source 120, the 
first test cell 122, the first AOTF 126. the first set of de- 
tectors 128 and the microcomputer 150 are combined 
with the optical system and other components in the 
spectrometer described with reference to Figure 1 to 
measure the concentration of a given substance within 
the spatial region of interest 124 in accordance with an 
energy absorption spectrum measurement technique in 
the same manner as described with reference to the 
spectrometer of Figure 1. Other embodiments of an en- 
ergy absorption spectrometer may be used in the spec- 
trometer of Figure 6 in lieu of the energy absorption spec- 
trometer of Figure 1 . 

The second AOTF 136 is disposed in relation to the 
second light source 1 34 to filter light from the second light 
source 1 34. The microcomputer 1 50 controls the second 
tuner 144 to tune the second AOTF 136 to pass anun- 
diffracted light beam having a predetermined wave- 
length, and a beam of light at such wavelength is directed 
to the multi-pass test cell 138 by an optical system (not 
shown), such as the optical system included in the spec- 
trometer of Figure 4. 

The third AOTF 140 is disposed in relation to Xhe 
multi-pass test ceil 138 for filtering the scattered light 
from the multi-pass test cell 138; and the filtered light 
emerges from the third AOTF 140 in a simultaneous 
complementary pair of distinct beams 110, 111 of the 
same diffraction order and having approximately the 
same wavelength range. 

The microcomputer 150 controls the third tuner 1 46 
to tune the third AOTF 140 to filter the scattered light from 
the multi-pass test cell 1 38 so that the light emerges from 
the AOTF 1 40 in a simultaneous complementary diffract- 
ed pair of distinct beams having a predetermined wave- 
length that is characteristic of a Flaman scattering spec- 
trum for the given substance. 

The second set of detectors 142 are disposed in re- 
lation to the third AOTF 140 for detecting the comple- 
mentary diffracted pair of distinct beams that emerge 
from the third AOTF 140 at the wavelength that is char- 
acteristic of the Raman scattering spectrum for the given 
substance. 

The second light source 1 34, the second AOTF 1 36, 
the second tuner 144, the multi-pass test cell 138, the 
third AOTF 140, the third tuner 146, the second set of 
detectors 142 and the microcomputer 150 are combined 
with the optical system and other components in the 



spectrometer described with reference to Figure 4 to 
measure the concentration of the given substance within 
the spatial region of interest 124 in accordance with a 
Raman scattering spectrum measurement technique in 
5 the same manner as described with reference to the 
spectrometer of Figure 4. Other embodiments of a Ra- 
man scattering spectrometer may be used in the spec- 
trometer of Figure 6 in lieu of the Raman scattering spec- 
trometer of Figure 4. 

10 

Claims 



A tunable spectrometer, comprising 

a discrete light source (10; 45); 

an optical system (13, 14, 15, 16, 17, 18, 19, 
20, 21 , 22; 47, 48, 49) disposed in relation to the light 
source for directing light from the light source 
through a spatial region of interest (25) and for 
focusing the directed light; 

an acousto-optical tunable filter (12; 55) dis- 
posed for filtering light from the light source, wherein 
the light emerges from the filter in a simultaneous 
plurality of distinct beams (40a, 41a; 75, 76) having 
different orders of diffraction, with different diffrac- 
tion orders having different wavelength ranges and 
with complementary pairs (40a, 40b; 41a, 41b) of 
said distinct, beams having the same .diffraction • 
order respectively having substantially; ;the same 
wavelength ranges; . . • 

means (38; 65) coupled to the filter for tuning 
the filter to diffract light in asimultaneous plurality of . 
distinct beams having different predetermined dif-. • 
fraction :. orders .that have.: different wavelengths, 
ranges that include wavelengths that are characters; 
istic of a spectrum for a given substance or of ther ■■, 
spectra for a plurality of different given substances; ' 
and .: .„ ■•: . ■ - r - w . ., :«■;• 

a: set of a given plural number of detectors (26, 
27; 57 58) disposed in relation to the optical system 
and the filter for respectively detecting the focused 
and filtered light diffracted by the filter in a set of said 
given number of said distinct beams (40a, 41a; 75, 
76) of said different predetermined diffraction orders 
to thereby simultaneously provide said given 
number of test signals indicative of a spectrum within 
the spatial region of interest at wavelengths that are 
characteristic of said spectrum for said given sub- 
stance or of the spectra for the plurality of different 
said given substances. 



20 



25 



30 



35 



40 



45 



55 



A spectrometer according to Claim 1, wherein the 
filter (12) is disposed between the light source (10) 
and the spatial region of interest (25). 

A spectrometer according to Claim 2, further com- 
prising 

a second set of said given number of detectors 
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(28, 29) disposed in relation to the optical system 
and the filter for respectively detecting the filtered 
light diffracted by the filter in a second set of said 
given number of said distinct beams (40b, 41b) of 
said different predetermined diffraction orders that 
are complementary to said first recited set of distinct 
beams to thereby provide simultaneously with the 
test signals reference signals indicative primarily of 
a spectrum of the light source at wavelengths that 
are characteristic of said energy absorption spec- 
trum for said given substance or of the spectra for 
the plurality of different said given substances. 

A spectrometer according to Claim 1 , wherein the 
filter (55) is disposed between the spatial region of 
interest (54) and the detectors (57, 58). 

A spectrometer according to Claim 1, further com- 
prising 

means (37, 64) for processing the test signals 
to measure the concentration of said given sub- 
stance within the spatial region of interest in accord- 
ance with a Raman forward scattering measurement 
technique. 

A spectrometer according to Claim 5, further com- 
prising 

a test cell (88) disposed within the i spatial., 
region of interest and comprising a plurality ;of mir- 
rors (108) disposed within the cell for reflecting the 
light to pass a plurality of round trips between the 
mirrors before emerging from the-spatial region of ■ 
interest to thereby enhance Raman scattering of the 
light by any molecules of said given substance within 
the cell while the light passes through the spatial 
region of interest (89). r- r 

A tunable spectrometer, comprising 

a discrete light source (10); 

an optical system (13, 14, 15, 16, 17, 18, 19, 
20, 21 , 22) disposed in relation to the light source 
for directing light from the light source through a spa- 
tial region of interest (25) and for focusing the 
directed light; 

an acousto-optical tunable filter (12) disposed 
for filtering light from the light source, wherein the 
light emerges from the filter in a simultaneous com- 
plementary pair of distinct beams (40a, 40b) having 
the same order of diffraction and substantially the 
same wavelength range; 

means (38) coupled to the filter for tuning the 
filter to diffract light in a simultaneous complemen- 
tary pair of said distinct beams having a predeter- 
mined diffraction order that has a wavelength range 
that includes a wavelength that is characteristic of a 
spectrum for a given substance; 

a first detector (26) disposed in relation to the 
optical system and the filter for detecting the focused 
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and filtered light diffracted by the filter in one said 
beam of said predetermined diffraction order to 
thereby provide a test signal indicative of a spectrum 
within the spatial region of interest at a wavelengths 
that is characteristic of said spectrum for said given 
substance; and 

a second detector (28) disposed in relation to 
the optical system and the filter for detecting the fil- 
tered light diffracted by the filter in the complemen- 
tary other said beam of said predetermined diffrac- 
tion order to thereby provide simultaneously with the 
test signal a reference signal indicative primarily of 
a spectrum of the light source at a wavelength that 
is characteristic of said spectrum for said given sub- 
stance. 

A spectrometer, comprising 

a discrete light source (80); 

an optical system (82, 83, 84, 85) disposed in 
relation to the light source for directing light from the 
light source through a spatial region of interest (89) 
and for focusing the directed light; 

a detector (92) disposed in relation to the opti- 
cal system for detecting the focused light at a wave- 
length that is characteristic of a Raman scattering 
spectrum for a given substance to thereby provide 
a test signal indicative of a Raman scattering spec- 
trum; within the spatial region of interest at a wave- 
length that is characteristic of said Raman scattering 
spectrum for said given substance; • - \ 

means (98) for processing the test signal to 
measure the concentration of said given substance 
within: the spatial region of interest in accordance- 
with a \ Raman forward scattering measurement 
technique; and -r • . -r\ • ■ • . 

■ a test cell (88) disposed within the spatial 
region of interest and comprising a plurality of mir- 
rors (108) disposed within the cell for reflecting the 
light to pass a plurality of round trips between the 
mirrors before emerging from the spatial region of 
interest to thereby enhance Raman scattering of the 
light by any molecules of said given substance within 
the cell while the light passes through the spatial 
region of interest. 

A spectrometer, comprising 

a discrete light source (80); 

an optical system (82, 83, 84, 85) disposed in 
relation to the light source for directing light from the 
light source through a spatial region of interest (89) 
and for focusing the directed light; 

a detector (92) disposed in relation to the opti- 
cal system for detecting the focused light at a wave- 
length that is characteristic of a Raman scattering 
spectrum for a given substance to thereby provide 
a test signal indicative of a Raman scattering spec- 
trum within the spatial region of interest at a wave- 
length that is characteristic of said Raman scattering 
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spectrum for said given substance; 

means (98) for processing the test signal to 
measure the concentration of said given substance 
within the spatial region of interest in accordance 
with a Raman forward scattering measurement 5 
technique; 

an acousto-optical tunable filter (90) disposed 
between the spatial region of interest and the detec- 
tor for filtering light from the spatial region of interest, 
wherein the light emerges from the filter in a simul- io 
taneous complementary pair of distinct beams (1 10, 
111) having the same order of diffraction and sub- 
stantially the same wavelength range; 

means (99) coupled to the filter for tuning the 
filter to diffract light in a simultaneous complemen- is 
tary pair of said distinct beams having a predeter- 
mined diffraction order that has a wavelength range 
that includes a wavelength that is characteristic of a 
Raman scattering spectrum for the given substance; 
and 20 

a second detector (93) disposed in relation to 
the optical system and the filter for detecting the fil- 
tered and focused light diffracted by the filter in one 
beam (111) of said predetermined diffraction order 
to thereby provide simultaneously with the first 25 
recited test signal a second test signal indicative of 
a Raman scattering spectrum within the spatial 
region of interest at a wavelength thafcis character- 
istic of said Raman scattering spectrum for said . 
given substance; 30 

wherein the first recited detector (92) is dis- 
r. posed in relation to the filter for detecting the filtered 
and focused light diffracted by the filter in the com- . 
'.'plementary (1 10) of said beam of .- said predeterv 
: rmined:diffraction order, and?.: v . . , .. 3S . 

-.}:: wherein the processing means (98) processes . 
both test signals to measure the concentration of 
said given substance within the spatial region of 
interest in accordance with a Raman forward scat- 
tering measurement technique. 40 

10. A spectrometer according to Claim 9, further com- 
prising 

a test cell (88) disposed within the spatial 
region of interest and comprising a plurality of rnir- 45 
rors (108) disposed within the cell for reflecting the 
light to pass a plurality of round trips between the 
mirrors before emerging from the spatial region of 
interest to thereby enhance Raman scattering of the 
light by any molecules of said given substance within so 
the cell while the light passes through the spatial 
region of interest. 



11. A spectrometer, comprising 

a discrete light source (10; 134); 
an optical system (13, 14, 15, 16, 17, 18, 19, 
20, 21 , 22) disposed in relation to the light source 
for directing light from the light source through a spa- 
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tial region of interest (25; 124) and for focusing the 
directed light; 

a detector (26; 1 42) disposed in relation to the 
optical system for detecting the focused light at a 
wavelength that is characteristic of a Raman scat- 
tering spectrum for a given substance to thereby 
provide a test signal indicative of a Raman scattering 
spectrum within the spatial region of interest at a 
wavelength that is characteristic of said Raman 
scattering spectrum for said given substance; 

means (37; 150) for processing the test signal 
to measure the concentration of said given sub- 
stance within the spatial region of interest in accord- 
ance with a Raman forward scattering measurement 
technique; 

a narrowband acousto-optical tunable filter 
(12; 1 36) disposed between the light source and the 
spatial region of interest for filtering said light pro- 
vided by the light source; and 

means coupled to the filter for tuning the first 
filter to a predetermined wavelength. 

12. A spectrometer according to Claim 11 , further com- 
prising 

a second acousto-optical tunable filter (140) 
disposed between the spatial region of interest (1 24) 
and the detector ( 1 42) for filtering light from the spa- 
tial region of interest, wherein the light emerges from 
• : the second filter in a simultaneous complementary : 
pair of distinct beams having the same order of difh - 
fraction and substantially the same wavelength 
range; 

means (146) coupled to the second filter for 
:. tuning the second filter to diffract light in a simulta-: 
neous complementary pair of said distinct beams 
having a predetermined diffraction order that has a 
wavelength range that includes a wavelength that is 
characteristic of a Raman scattering spectrum for 
the given substance; and 

a second detector (1 42) disposed in relation to 
the optical system and the second filter for detecting 
the filtered and focused light diffracted by the second 
filter in one beam of said predetermined diffraction 
order to thereby provide simultaneously with the first 
recited test signal a second test signal indicative of 
a Raman scattering spectrum within the spatial 
region of interest at a wavelength that is character- 
istic of said Raman scattering spectrum for said 
given substance; 

wherein the first recited detector (142) is dis- 
posed in relation to the second filter (1 40) for detect- 
ing the filtered and focused light diffracted by the 
second filter in the complementary of said beam of 
said predetermined diffraction order; and 

wherein the processing means (150) proc- 
esses both test signals to measure the concentra- 
tion of said given substance within the spatial region 
of interest in accordance with a Raman forward scat- 
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tering measurement technique. measurement technique. 

13. A spectrometer according to Claim 11 or 12, further 
comprising 

a test cell (88; 1 38) disposed within the spatial 5 
region of interest and comprising a plurality of mir- 
rors (108) disposed within the cell for reflecting the 
filtered light from the first filter to pass a plurality of 
round trips between the mirrors before emerging 
from the spatial region of interest to thereby enhance n> 
Raman scattering of the light by any molecules of 
said given substance within the cell while the light 
passes through the spatial region of interest. 

14. A spectrometer, comprising is 

a discrete light source (1 34); 

an optical system disposed in relation to the 
light source for directing light from the light source 
through a spatial region of interest (124) and for 
focusing the directed light; 20 

a detector (142) disposed in relation to the 
optical system for detecting the focused light at a 
wavelength that is characteristic of a Raman scat- 
tering spectrum for a given substance to thereby 
provide a test signal indicative of a Raman scattering 25 
spectrum within the spatial region of interest at a 
wavelength that is characteristic of said . Raman 
scattering spectrum for said given substance; 

means (150) for processing the test signal to 
measure the concentration of said given substance 30 
within the spatial region of interest in accordance 
: with a Raman, forward .scattering . measurement 
technique;- i^s- : ::>r- 

; a second discrete 1 light source (.120); . 
• a second optical system disposed in relation 35 
to the second light source and the spatial region of 
interest for directing ?light- :from the second light 
source through the spatial region of interest and for 
focusing the directed light from the second light 
source; 40 

an acousto-optical tunable filter (126) dis- 
posed for filtering light from the second light source; 

means (1 30) coupled to the filter for tuning the 
filter to provide the filtered light at a tuned wave- 
length that is characteristic of an energy absorption *5 
spectrum for said given substance; 

a second detector (1 28) disposed in relation to 
the optical system for detecting the focused and fil- 
tered light from the second light source at said tuned 
wavelength to thereby provide a second test signal so 
indicative of an energy absorption spectrum for said 
spatial region of interest at a wavelength that is char- 
acteristic of said energy absorption spectrum for 
said given substance; and 

means ( 150) for processing the second test 55 
signal to measure the concentration of said given 
substance within the spatial region of interest in 
accordance with an energy absorption spectrum 
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